To determine the antenatal risk factors associated with neonatal lenticulostriate vasculopathy (LSV).
INTRODUCTION
A relationship between acquired congenital infections and vascular damage in the thalami and basal ganglia was first described as early as the 1960s, following a rubella epidemic in Philadelphia. On post-mortem examinations of nine infants with congenital rubella syndrome, Rorke and Spiro 1 found deposits of amorphous material in the walls of brainstem blood vessels. In 1988, Teele et al., 2 identified a rare mineralizing lenticulostriate vasculopathy (LSV) in the basal ganglia and thalami of 12 neonates among the 4500 cranial sonograms in their review. Eight of these children had congenital infection (rubella, n ¼ 2; cytomegalovirus (CMV), n ¼ 5; and, syphilis, n ¼ 1). Three babies had trisomy 13, and one child had no identifiable, associated pathologic diagnosis. The investigators were able to correlate sonographic abnormalities with neuropathology in four children who had also undergone autopsies. They concluded that basophilic deposits (mineralization) or hypercellularity, such as that seen in vasculitis, were responsible for the echogenicity seen by them in the blood vessel walls of the basal ganglia and thalami during the course of their ultrasound review. Of interest, the basophilic deposits in the autopsy specimens stained for iron, but not for calcium or fibrin.
Others, for example, Hughes et al., 3 have also noted the rarity of finding LSV on routine head ultrasonography. After reviewing their data, the authors reported that the prevalence of mineralizing vasculopathy was 1.8% (25 of 1324 infants). Although four of the babies with LSV had congenital CMV infection, other pathologic associations included the presence of trisomies 21 and 13, immune hydrops, and fetal alcohol syndrome. More recently, Hemachandra et al., 4 in contradistinction to other investigators, shared the opinion that LSV might be more common among preterm babies than had been previously reported. In their retrospective study of infants born at <35 weeks gestation, when using a sophisticated 7.5-MHz transducer for diagnosis, the prevalence of LSV was found to be 4.6% (21 of 453). Infants with mineralizing vasculopathy were less likely to have been exposed to antenatal steroids and antibiotics, were more likely to have lower Apgar scores, and were more likely to have abnormal muscle tone at 6 months of age.
During the course of the Magnesium and Neurologic Endpoints Trial (acronym, MagNET), as specified by its research protocol, we did head ultrasounds (HUS) of enrolled infants in order to look for the presence of neonatal intraventricular hemorrhage (IVH) and other sonographic abnormalities, including LSV. Previously, we have reported an association between higher levels of maternal serum ionized magnesium (iMg) at the time of obstetric delivery and the subsequent occurrence of neonatal IVH. 5 Our current report evaluates the risk factors for the occurrence of LSV among infants enrolled in the study.
MATERIAL AND METHODS
MagNET was undertaken in order to evaluate whether antenatal magnesium sulfate (MgSO 4 ) given to women in preterm labor could prevent death, neonatal IVH, periventricular leukomalacia (PVL), and subsequent cerebral palsy among surviving children. Since women in preterm labor who have advanced cervical dilatation (>4 cm) on admission to Labor and Delivery Units are not usually offered tocolysis, there were four arms in the trial. In the ''tocolytic arms,'' women in active preterm labor (>24 and <34 completed weeks of gestation), and in whom the cervix was dilated <4 cm, were randomized to either MgSO 4 (4 g bolus followed by an infusion of 2 to 3 g of MgSO 4 per hour) or to ''other'' tocolytic (ritodrine, terbutaline, indomethacin, or nifedipine) treatment chosen openly by the attending clinician. In the doubly masked ''preventive arms,'' women having preterm labor, in which tocolysis was not appropriate, were randomized to either a 4 g intravenous bolus of MgSO 4 only (without additional infusion of MgSO 4 ) or to saline control without magnesium. Mothers with pre-eclampsia were excluded from the trial since use of MgSO 4 is the universal standard of care in the United States for seizure prophylaxis in pre-eclampsia, thus, they could not be ethically randomized. The Institutional Review Board, University of Chicago, approved the research protocol for MagNET.
On admission, mothers in preterm labor were screened for trial eligibility and informed consent was obtained. To ensure balance in the trial, we used a computerized randomization program written by Information Medical Services, Bethesda, MD under contract to the National Institute for Neurological Disorders and Stroke (NINDS), National Institutes of Health (NIH). Mothers were randomized into stratified blocks of six each based on race, gestational age (r28 versus >28 weeks), and fetal plurality (twins versus singleton). Triplet gestations and other higher order multiple gestations were excluded.
We prospectively collected relevant information on maternal, obstetric, and neonatal variables. In addition to collecting maternal blood at delivery, we collected umbilical cord venous blood samples for serum ionized magnesium and plasma interleukin-6 (IL-6) levels, obtained bacterial cultures from the chorioamnion space between the placental membranes, 6 and did gross and microscopic histopathology on the placentas. Technicians and investigators processing the blood specimens for iMg and IL-6 were masked to health outcomes. A hospital staff pathologist did primary examinations of the umbilical cords and placentas, but a specially trained perinatal pathologist confirmed histologic findings, including funisitis (transmural migration of neutrophils through the walls of umbilical cord blood vessels (a form of hypercellular infiltration)), at secondary review. To ensure absence of bias, each pathologist was masked to the IL-6 concentrations from the placentas being evaluated. The bacteriology, umbilical cord venous plasma IL-6 values, and the placental findings of funisitis and histologic chorioamnionitis in MagNET have been reported previously, [7] [8] [9] as have our findings dealing with the relationships between Fetal Inflammatory Response Syndrome (FIRS) and impaired neurological outcomes. 10 In the neonatal period, surviving children underwent a minimum of three HUS occurring in the first, second, and fourth weeks of life. These prospective studies were interpreted by two pediatric neurosonologists at the University of Chicago Children's Hospital (one of whom was DY). Papile grading of neonatal IVH, 11 and diagnosis of PVL and LSV were made by consensus. Any infant deemed to have PVL by sonography also underwent magnetic resonance imaging. LSV was defined as the presence of bright, echogenic, linearly oriented vessels in the basal ganglia and thalamus. Follow-up developmental examinations were conducted at 4, 8, 12, and 18 corrected months of age.
STATISTICAL ANALYSIS
Data analyses in this study were performed primarily at the NINDS, NIH, Bethesda, MD. We used w 
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RESULTS
From October, 1995 through January, 1997, we screened 194 women in preterm labor for participation in MagNET; 157 were found to be eligible, and 149 gave informed consent. Based on their cervical dilatation, as discussed above, participating mothers were randomized to either the ''tocolytic'' or the ''prevention'' arms of the trial. These 149 women gave birth to 165 babies (133 singletons and 16 pairs of twins). After randomization, the women in each treatment arm were found to be similar in maternal age, race, parity, gestational length, fetal plurality, and absence or presence of preterm premature rupture of the membranes (see the official report of MagNET for more detailed information about these variables). 13 In the ''tocolytic'' arms, there were 46 maternal randomizations (37 singletons þ nine pairs of twins ¼ 55 babies) to MgSO 4 , and 46 randomizations (41 singletons þ five pairs of twins ¼ 51 total babies) to ''other'' tocolytics. In the preventive arms, there were 29 maternal randomizations (28 singletons þ one pair of twins ¼ 30 total babies) to prophylactic magnesium, and 28 randomizations (27 singletons þ one pair of twins ¼ 29 total babies) to saline control.
Among 140 infants in the study for whom both LSV and IVH data were available, we diagnosed LSV in 10.0% (14 of 140). Neonatal IVH was found in 17.1% (24 of 140) of infants (Grade I, n ¼ 19; Grade II, n ¼ 0; Grade III, n ¼ 5; and Grade IV, n ¼ 0). Among the 14 babies who had LSV, 50% (seven of 14) also had neonatal IVH (Grade I, n ¼ 5; Grade III, n ¼ 2) (two-sided Fisher's exact test, p ¼ 0.002). One child was found to have PVL. (Figure 1 is the photograph of an HUS image from a baby in MagNET, who developed mineralizing vasculopathy. Figure 2 is a Doppler image showing that blood flow is not impeded through the striate vessels, thus the hyperechogenicity occurs in the walls of blood vessels and not in their lumina.) There were no statistically significant differences by univariate analysis in the maternal and demographic variables among babies who had LSV as compared to babies who did not ( Table 1) . None of the babies were found to have clinical evidence for congenital infections (rubella, CMV, or syphilis), although the presence of funisitis in some of these children (see below) could reflect the presence of an infectious or inflammatory condition. Only one baby with LSV had major congenital anomalies (esophageal atresia with a distal tracheoesophageal fistula, ventricular septal defect, and 13 left ribs), and none of the babies with LSV had chromosomal abnormalities.
Among 22 obstetrical variables that we evaluated (Table 2) , only Apgar 1 <7 (p ¼ 0.01), noncephalic presentation of a singleton or sibling A of twins (p ¼ 0.04), and total MgSO 4 exposure Z50 g (p<0.048) significantly predicted occurrence of LSV on univariate analysis. The decision to dichotomize magnesium exposure at 50 g was based on our previous reports 14, 15 that showed increased mortality following exposure to high doses of MgSO 4 . Two other variables were marginally significant in predicting LSV occurrence: extremely low birth weight (ELBW, <1500 g) ((p ¼ 0.09) and funisitis (p ¼ 0.07). There was a highly significant association (p<0.001) between being a twin and exposure to Z50 g of MgSO 4 .
To control for possible confounding among the variables that were at least marginally associated with occurrence of LSV by univariate analysis (p<0.10), we performed several multivariate logistic regressions. In a trivariable regression evaluating the relationships among ELBW, funisitis, and exposure to Z50 g magnesium, only the latter was found to be significant. Funisitis showed a trend towards significance (Table 3 ). In addition, because there was such a strong association between MgSO 4 exposure and twin gestations, we did multivariate regressions controlling for twins. Two such regressions were necessary because no placental pathology had been performed in the one twin having LSV. Thus, it was necessary to impute either a ''0'' (funisitis absent) or a ''1'' (funisitis present), the only two possibilities, in these regressions. In both analyses, MgSO 4 exposure Z50 g was significant (adjusted (adj) odds ratio (OR) 4.2, 95% confidence interval (CI) 1.2 to 14.7, p ¼ 0.03; adj OR 4.4, 95% CI 1.3 to 15.6, p ¼ 0.02; respectively). Note: In multivariable models in which ''twins'' is included as a variable, the adjusted OR for the association between ''total MgSO 4 exposure Z50 g'' and ''LSV'' is not less than 13 (95% CI 2.9-58.5; p<0.001) (there is a highly significant association (p<<0.001) between being a ''twin'' and being exposed to higher dosages (Z50 g) of MgSO 4 ).
As funisitis appeared to be associated with LSV and represents an inflammatory or infectious risk factor possibly separate from magnesium exposure, we explored its role in relation to magnesium (Table 4) . Of the 14 babies who had LSV, umbilical cord histology was known for 13; among these, five had funisitis and eight did not. Of those who had funisitis, only one child had been exposed to MgSO 4 (4 g). Thus, for this subgroup, the mean exposure to MgSO 4 was 0.8 g, and the median exposure was 0 g. Among the eight children who did not have funisitis, all but one had been exposed to magnesium; in this subgroup, the mean exposure to MgSO 4 was 152 g, and the median exposure was 52 g. Thus, infants with LSV, but without funisitis, were significantly more likely to have received MgSO 4 as compared to babies with both LSV and funisitis (Mann-Whitney U-test, p ¼ 0.02). Confirming the preceding, the median umbilical cord vein (iMg) level at delivery was 0.69 mmol/l among the eight babies with LSV, but without funisitis, as compared to a level of 0.44 mmol/l among the five babies with both LSV and funisitis (Mann-Whitney U-test, p ¼ 0.03).
Since funisitis and MgSO 4 appeared to be independent predictors of LSV, we analyzed separately the subset of infants in MagNET who did not have funisitis (n ¼ 98). Among total magnesium exposure, low Apgar, 1 birth weight <1000 g, and nonvertex presentation, only exposure to MgSO 4 Z50 g remained statistically significant (adj OR 8.3, 95% CI 1.5 to 45.0, p ¼ 0.01) ( Table 5) in multivariable logistic regressions. Lastly, to help solidify the belief that mineralizing vasculopathy is a lesion that primarily occurs during gestation, rather than as a result of postnatal events, we did additional analyses involving neonatal variables (Table 6 ). Among these, patent ductus arteriosus (p ¼ 0.07) and need for ventilator usage (p ¼ 0.08) were marginally significant. However, in a multivariable logistic regression that included ELBW, funisitis, patent ductus arteriosus, ventilator usage, and total MgSO 4 Z50 g, only the latter remained significant. Thus, the etiology of LSV is, in fact, more likely to be a consequence of exposure to antenatal, not postnatal, risk factors.
DISCUSSION
In our secondary, but multivariate logistic regression analyses of numerous risk factors, exposures to Z50 g of MgSO 4 were found to be significantly associated with the LSV. Although much of the previous literature on this subject implicates inflammation, often in the form of rarely-occurring congenital infection as an important risk factor for this lesion, our study does not duplicate those reports. However, in our data set, the statistical trend for the variable, histologic funisitis, a possible surrogate for congenital inflammation, is consistent with a doubling for the risk of developing LSV (although not a statistically significant one in these analyses). Nonetheless, because the numbers involved are small (funisitis was identified histologically in five of the 14 LSV cases), a Type II statistical error should not be ruled out as a possible explanation for the absence of significance in regard to funisitis being an independent predictor of LSV. Of interest, the prevalence of LSV (10%) among MagNET babies was substantially higher than what is generally reported in the medical literature, even among very preterm infants. The prevalence of LSV was found to be 0.2-0.4% in retrospective studies that used radiology reports to determine the diagnosis. 2, 3 In other retrospective studies in which investigators reviewed the actual sonographic images of infants in order to determine the presence of LSV, instead of reviewing the written reports only, the prevalence was found to range higherFfrom 2 to 6%. 16, 17 A prospective study by Makhoul et al. 18 found LSV in 2.4% (21 of 857) of infants, but the population was heterogeneous, including both term and preterm deliveries. In studies limited to preterm infants whose images were reviewed, the prevalence was found to be approximately 5%. 3, 19 As it happens, the higher prevalence of LSV in MagNET may result from the fact that the data were collected prospectively and that the lead neurosonographer for the study (DY) had previous experience in properly diagnosing LSV. 20 In addition, if MgSO 4 does, in fact, pose a special risk for the development of LSV, then the high prevalence of LSV in this study may actually result from the exposure to magnesium. We are not aware of any previous research evaluating the risk of LSV in light of tocolytic MgSO 4 exposure.
Although magnesium has been found to protect against brain damage in certain experimental settings via diminished neuronal apoptosis, 21 diminished neuronal loss with imposed ischemia, 22 and reduced oxidative neuronal damage, 23 other studies have not identified such a benefit.
24-27 Indeed, we have previously shown that in this cohort of babies, higher magnesium exposure levels found in mothers at the time of their delivery are associated with increased risk for subsequent brain damage (neonatal IVH) 5 in their babies.
The precise neurological implications for newborns who have LSV are not well established. Some clinicians claim that there are no recognizable neurological morbidities when such infants are followed long term. 28 Others claim that babies with LSV are at increased risk for having fine motor, cognitive, and behavioral developmental disorders, 19 and hypertonia. 5 It is likely that the prognosis in babies with LSV is driven by comorbidities. For example, Wang et al. 16 suggest that the prognosis is good except in those babies who had chromosomal disorders or inborn errors of metabolism. Similar comments about guarded prognosis would almost certainly pertain to congenital infections, meningitis, and untreated hypothyroidism. However, the prognosis for infants with LSV who have no other recognized, predisposing factors remains unsettled and requires additional study. This is particularly true if magnesium contributes to LSV, as we hypothesize here, in the absence of other risk factors.
Three principal reasons may explain the association of magnesium with LSV seen in our data set. First, magnesium may have a direct effect on causing either cellular infiltration or calcium deposition in the blood vessel walls of the thalamus and basal ganglia. Magnesium is known to have effects on cerebral vasculature by causing vasodilation or diminishing vasoconstriction, most likely working through thromboxane or other prostaglandin pathways, [29] [30] [31] although it is not reported to cause inflammation or calcific deposition in vessels. Second, magnesium could modify the effect of another biological mechanism that promotes the occurrence of LSV. For example, magnesium could enhance the effects of relatively low serum thyroid values 32 or an unmeasured brain damage promoting molecule such as tumor necrosis factor alpha. 33 Third, the association of magnesium with LSV could be silently confounded by another variable or risk factor not assessed in this cohort.
In regard to the limitations of our study, it is a secondary analysis, albeit taken from a database extracted from a prospective clinical trial. Strengths include: (a) the availability of (iMg) levels, which reduces the likelihood of misclassification, and (b) the large amount of information on potential confounders that was collected prospectively. Naturally, our findings concerning LSV, need to be confirmed or refuted by the work of other colleagues or by us in other data sets. Nonetheless, as opposed to its proper usage as a seizure prophylactic in pre-eclampsia, 34 there is no evidence basis for the use of MgSO 4 as a tocolytic. Furthermore, there is ever mounting proof that the use of magnesium for tocolysis is associated with severe, adverse health outcomes in babies, 35 including, perhaps, the consequences that may be associated with the occurrence of LSV.
